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(57) ABSTRACT

A first optical system 1rradiates a target with a detecting wave
and making the detecting wave that 1s transmitted through the
target incident upon the electrooptical crystal. A second opti-
cal system slants a pulse plane of a probe wave relative to a
pulse plane of the detecting wave and making the probe wave
incident upon the electrooptical crystal. A camera detects the
probe wave passing through the electrooptical crystal. The
first or second optical system includes a compensating com-
ponent which partitions a beam cross section of the detecting,
wave or the probe wave into unmit areas. The optical compo-
nent makes different an optical path length of a beam passing
cach unit area and compensates a phase shifting between the
pulse plane of the detecting wave and the pulse plane of the
probe wave at positions 1n a crossing direction of a surface of
the electrooptical crystal and the virtual plane.

8 Claims, 235 Drawing Sheets




U.S. Patent Dec. 1, 2015 Sheet 1 of 25 US 9,204,063 B2

-
Q)
L)

L,

L™,
C
O
.
@
U

S
-

&

FIG. 1



US 9,204,063 B2

Sheet 2 of 25

Dec. 1, 2015

i

U.S. Patent
FIG. 2A

. 2B

FIG




U.S. Patent Dec. 1, 2015 Sheet 3 of 25 US 9,204,063 B2

FIG. 3

o

- ;
E i J .
. Bl .". Pt .. 'r._ . arra r.rrrr'- ;
; al
4 » ir :
s ] ' a
a .
-
3 il |
.- "l‘m—:\:rn v-u--iﬁﬂ-a-w-.-r-.—rmmm. '




U.S. Patent Dec. 1, 2015 Sheet 4 of 25 US 9,204,063 B2




U.S. Patent Dec. 1, 2015 Sheet 5 of 25 US 9,204,063 B2




U.S. Patent Dec. 1, 2015 Sheet 6 of 25 US 9,204,063 B2




U.S. Patent Dec. 1, 2015 Sheet 7 of 25 US 9,204,063 B2




U.S. Patent Dec. 1, 2015 Sheet 8 of 25 US 9,204,063 B2

FIG. SA

......

-----
............

J

I».l

3

%
* L2 & L
- = = *”
X + g L
* = » =

......................
................

1111
__________
..................

..........

g, .
h - - ®
& L e ]
. Y » *
& b o -

___________



U.S. Patent Dec. 1, 2015 Sheet 9 of 25 US 9,204,063 B2




U.S. Patent Dec. 1, 2015 Sheet 10 of 25 US 9,204,063 B2




US 9,204,063 B2

Sheet 11 of 25

Dec. 1, 2015

U.S. Patent

VIT Old



U.S. Patent Dec. 1, 2015 Sheet 12 of 25 US 9,204,063 B2




U.S. Patent Dec. 1, 2015 Sheet 13 of 25 US 9,204,063 B2

FIG. 13A




U.S. Patent Dec. 1, 2015 Sheet 14 of 25 US 9,204,063 B2




US 9,204,063 B2

Sheet 15 of 25

Dec. 1, 2015

U.S. Patent

HL

1~ (QdH _
_ (T)dHL

(#)dHL

7 L tyd LA Cyd L —

(9JHL _ (SIHL _ (pIHL (€L (ZIHL (1)HL

ST Ol



U.S. Patent Dec. 1, 2015 Sheet 16 of 25 US 9,204,063 B2

Y AIA 6
!
(TG
(ECECER
phta '—\*\i
ph, — ]
> % IACLS
Y IA{5
+ TL_CGs6)
TGy
TL G35
oy —_ [ 26
oh, — [ a®
> X IACL4
. IA G
’ e
T c4@) RO
T cas@ _Cl43)
ph, ’_\*\: _
phy —__] _asy
> % TIACL3
v IAG
+ TL_C5B)
TL_Ca3)
e
oh, —__T[_C20)
oh —| i)
TACL2
.
O
e
(ECEON.
ph, —__ 1| CL2@)
o, — i@
TACET
. o |
O Ph:
| e @ ([ on
R N O oh,
ph[} \A *- PN,
ph, i\\\‘E . ph
oh, o) e b




U.S. Patent Dec. 1, 2015 Sheet 17 of 25 US 9,204,063 B2

FIG. 17A

|~
23 )
21
20
— Q| y N

22—/\ A

FIG. 17B

30
A\
21 . 23
20

— I 1

2

22



U.S. Patent Dec. 1, 2015 Sheet 18 of 25 US 9,204,063 B2

FIG. 18A )
23
2 p
36 37 2
22 —/\ N ’
BT —30
—




U.S. Patent Dec. 1, 2015 Sheet 19 of 25 US 9,204,063 B2




U.S. Patent Dec. 1, 2015 Sheet 20 of 25 US 9,204,063 B2

FIG. 20A x

20 1
] —

FIG. 20B

48




U.S. Patent Dec. 1, 2015 Sheet 21 of 25 US 9,204,063 B2

45— 30
46
~— 20
1
| -
2
A

22



U.S. Patent Dec. 1, 2015 Sheet 22 of 25 US 9,204,063 B2




U.S. Patent Dec. 1, 2015 Sheet 23 of 25 US 9,204,063 B2

ip
2p
al
hN y
j\ ZG—;*[X
N

60 yé—i 3 5 6

10

61



U.S. Patent Dec. 1, 2015 Sheet 24 of 25 US 9,204,063 B2

di+do




U.S. Patent Dec. 1, 2015 Sheet 25 of 25 US 9,204,063 B2




US 9,204,063 B2

1

ELECTROMAGNETIC WAVE IMAGING
APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority of the prior Japanese Patent Applications No. 2010-
254404, filed on Nov. 15, 2010, and No. 2011-28349, filed on
Feb. 14, 2011, the entire contents of which are incorporated
herein by reference.

FIELD

The embodiments discussed herein are related to an elec-
tromagnetic 1maging apparatus using two electromagnetic
waves.

BACKGROUND

Various methods are known for observing an object by
using electromagnetic waves, such as a method of obtaining,
data corresponding to an visual image by using visible light
and a method of observing an invisible mner structure by
using X-rays.

Terahertz waves are electromagnetic waves having a ire-
quency range of 100 GHz to 10 THz and a wavelength range
of 30 um to 3 mm, which transmit through plastics, cloth,
paper, sesmiconductor and the like, and have absorption spec-
tra specific to substance. It 1s therefore possible to perform
physicality analysis and inspection, radiographic imaging
and the like. Applied techniques are also being developed.
Optical terms such as an optical axis, a polarizer, an analyzer
and the like may be used also in the terahertz wave wave-
length range.

Since non-destructive composition analysis imaging 1s
possible, this 1s expected as a composition analysis type inner
radiographic 1maging means as an alternative to a conven-
tional 1nner radiographic imaging means (X-rays, ultra-
sounds and the like). Terahertz spectroscopic imaging has
been proposed using characteristic THz absorption for mea-
suring objects unable to be detected by conventional X-ray
inspection, such as explosive substance (plastic bomb, flam-
mable liquid and the like) 1n air port baggage inspection
against recent terror and crime, prohibited substance (drug,
antthypnotic agent and the like) in a sealed letter.

A method has been proposed wherein a pulse terahertz
wave and a probe pulse light beam are 1input to an electroop-
tical (EO) crystal noncoaxially, an image by the probe pulse
light beam 1s photographed with a digital camera, and a
terahertz temporal waveiorm 1s measured 1n a single shot.

A method has also been proposed wherein a pulse terahertz
wave and a probe pulse light beam are mput to an electroop-
tical (EQO) crystal coaxially. With this method, a plane (pulse
plane) coupling peak positions of intensities of the probe
pulse light beam 1s inclined relative to the pulse plane of the
terahertz wave. By inclining one pulse plane relative to the
other pulse plane, 1t becomes possible to obtain the same
elfects as those of the noncoaxial case.

PATENT DOCUMENT

International Publication Pamphlet No. WO 2006/085403
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SUMMARY

In a method where a noncoaxicial optical system 1s used,
detecting electromagnetic wave 1s condensed 1 a lineal
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region and irradiated to a measurement target, and 1maging
clectromagnetic wave 1s used noncoaxicially, scanning 1s

required to obtain information with respect to a direction
perpendicular to the lineal region. It becomes efficient it
imaging at a plurality of positions 1s performed at the same
time with respect to the direction perpendicular to the lineal
region.

The embodiment discussed herein 1s related to an electro-
magnetic wave 1maging apparatus including:

an electrooptical crystal;

a first optical system 1rradiating a measurement target with
a pulsed detecting electromagnetic wave and making the elec-
tromagnetic wave that 1s transmitted through or reflected by
the measurement target incident upon the electrooptical crys-
tal;

a second optical system slanting a pulse plane of a pulsed
probe wave for imaging relative to a pulse plane of the detect-
ing electromagnetic wave and making the probe wave 1nci-
dent upon the electrooptical crystal; and,

a camera detecting the probe wave passing through the
clectrooptical crystal,

wherein the first optical system or the second optical sys-
tem 1ncludes a compensating optical component which par-
titions a beam cross section of the detecting electromagnetic
wave or the probe wave mto a plurality of unit areas 1n a
virtual plane perpendicular to a pulse plane of the detecting
clectromagnetic wave and to a pulse plane of the probe wave,
the optical component making different an optical path length
ol a beam passing each unit area and compensating a phase
shifting between the pulse plane of the detecting electromag-
netic wave and the pulse plane of the probe wave at a plurality
of positions 1n a crossing direction of a surface of the elec-
trooptical crystal and the virtual plane.

The object and advantages of the invention will be realized
and attained by means of the elements and combinations
particularly pointed out in the claims.

It 1s to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the invention,
as claimed.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic cross sectional view illustrating a
terahertz wave 1maging apparatus of an example 1 of an
embodiment 1.

FIG. 2A 1s an enlarged cross sectional view illustrating the
structure and function of a step-like transparent block 10, and
FIG. 2B 1s a plan view illustrating an area corresponding to
the step-like transparent block 10 on an 1imaging plane of a
digital camera 6.

FIG. 3 1s a perspective view illustrating an example of each
s1ze of the transparent block 10 used in the embodiment 1.

FIG. 4 1s a schematic cross sectional view illustrating a
terahertz wave 1maging apparatus of an example 2 of the
embodiment 1.

FIGS. 5A and 5B are cross sectional views illustrating a
terahertz wave 1maging apparatus of examples 1 and 2 of an
embodiment 2, and FIG. 5C 1s a cross sectional view 1llus-
trating an example 3 of the embodiment 2.

FIG. 6 1s a cross sectional view illustrating a terahertz wave
imaging apparatus of an embodiment 3.

FIGS. 7A and 7B are cross sectional views 1illustrating a
terahertz wave 1maging apparatus of an embodiment 4, and a
schematic cross sectional view 1llustrating the structure of an
x-direction step-like transparent block 15 used in the embodi-
ment 4.
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FIGS. 8A and 8B are schematic plan views illustrating
image mformation on an imaging plane of the digital camera

6.

FI1G. 9 1s a cross sectional view 1llustrating a terahertz wave
imaging apparatus of a modification of the embodiment 4.

FIG. 10 1s a cross sectional view 1llustrating a terahertz
wave 1maging apparatus of an embodiment 5.

FIGS. 11 A and 11B are cross sectional views illustrating a
terahertz wave 1maging apparatus of a modification of the
embodiment 35, and a schematic perspective view illustrating
the structure of a y-direction and x-direction step-like mirror
array.

FIG. 12 1s a cross sectional view 1illustrating a terahertz
wave 1maging apparatus ol another modification of the
embodiment 5.

FIGS. 13A and 13B are cross sectional views 1llustrating
one unit of an x-direction step-like mirror array 17 to be used
in another modification of the embodiment 5 1llustrated 1n
FIG. 12 and an example of a y-direction step-like mirror 12.

FI1G. 14 1s a schematic diagram illustrating a terahertz wave
imaging apparatus of an embodiment 6.

FIG. 15 1s a diagram illustrating the waveform of a tera-
hertz wave for explaining a method of measuring a temporal
wavelorm by using the terahertz wave 1imaging apparatus of
the embodiment 6.

FIG. 16 1s a diagram illustrating an 1imaging plane mea-
sured with the terahertz wave imaging apparatus of the
embodiment 6.

FIGS. 17A and 17B are schematic diagrams 1llustrating an
clectromagnetic wave generator unit of the terahertz wave
imaging apparatus of first and second modifications of the
embodiment 6.

FIG. 18A 1s a schematic diagram 1llustrating an electro-
magnetic wave generator unit of the terahertz wave imaging,
apparatus an embodiment 7, and FIG. 18B 1s a perspective
view 1llustrating the main portion of a time delay unit.

FIG. 19A 1s a schematic diagram 1llustrating an electro-
magnetic wave generator unit of the terahertz wave 1maging
apparatus of an embodiment 8, and FIG. 19B 1s a perspective
view 1llustrating the main portion of a time delay unat.

FIG. 20A 1s a schematic diagram 1llustrating an electro-
magnetic wave generator unit of the terahertz wave 1maging
apparatus of an embodiment 9, and FIG. 20B 1s a plan view
illustrating the main portion of a time delay unit.

FI1G. 21 1s a schematic view 1llustrating an electromagnetic
wave generator unit of the terahertz wave 1imaging apparatus
of an embodiment 10.

FI1G. 22 1s a schematic diagram illustrating a terahertz wave
imaging apparatus of an embodiment 11.

FI1G. 23 1s a schematic diagram illustrating a terahertz wave
imaging apparatus of an embodiment 12.

FIG. 24 1s a schematic diagram illustrating a relation
between a transmission type diffraction grating of the tera-
hertz wave 1maging apparatus of the embodiment 12 and a
beam path.

FI1G. 25 15 a diagram 1illustrating the principle of a real time
terahertz wave 1maging apparatus.

DESCRIPTION OF EMBODIMENTS

Prior to describing the embodiments, description will be
made on the operation principle of a terahertz wave imaging,
apparatus which makes a terahertz wave and a probe wave
noncoaxially incident upon an electrooptical crystal.

FI1G. 25 1s a diagram 1llustrating the operation principle of
a terahertz wave 1maging apparatus which makes a terahertz
wave and a probe wave noncoaxially incident upon an elec-
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trooptical crystal. A pulse terahertz wave 101 propagating in
a z-direction 1s condensed to a lineal region parallel to an
x-axis by a cylindrical lens 108, and incident upon a measure-
ment target 110. The pulse terahertz wave 101 obtains infor-
mation on a lineal region along an x-axis direction of the
measurement target 110. Instead of passing the pulse tera-
hertz wave through the measurement target, 1t may be
reflected on the measurement target. A parallel beam having
a width 1n an x-y plane 1s recovered from the terahertz wave
101 passing through the lineal region of the measurement
target 110 having a depth, by a cylindrical lens 109. Informa-
tion on the lineal region 1n the x-axis direction 1s spread in the

y-axis direction.

The pulse terahertz wave passing through the measurement
target 110 1s incident upon the electrooptical crystal 103. A
birefringence change occurs 1n the electrooptical crystal 103
because of the electrooptical effect based on an electric field
by the pulse terahertz wave 101 passing through the measure-
ment target. A wave front (equiphase wave surface) indicated
by a solid line advances 1n time from a wave front (equiphase
wave surface) indicated by a broken line. The probe pulse
wave 102 1n noncoaxial alignment with the pulse terahertz
wave 101 in the y-z plane 1s incident upon the electrooptical
crystal 103. The pulse probe wave 102 1s influenced 1n the
electrooptical crystal 103 by the birefringence change caused
by the pulse terahertz wave 101.

Because ol noncoaxial alignment, there 1s a time difference
between the timings when the wave fronts of the pulse tera-
hertz wave 101 and the pulse probe wave 102 superpose, and
a change 1n time appears in the y-axis direction. Namely,
temporal change information of the lineal region 1n the x-axis
direction 1s developed 1n the y-axis direction. A polarizer 104
and an analyzer 105 are cross Nichol arranged on the optical
axis ol the pulse probe wave sandwiching the electrooptical
crystal 103. The pulse probe wave 102 influenced by the
birelringence change caused by the pulse terahertz wave 1s
picked up and measured with a CCD camera 106 including a
focusing lens.

The wave front of the pulse probe wave 102 crosses the
wave front of the pulse terahertz wave 101 at a cross angle 0.
Focusing attention on the wave front of the pulse probe wave
102, when the upper side coincides with a solid line wave
front of the pulse probe wave 1n FIG. 235, the lower side
coincides with a broken line wave front of the pulse terahertz
wave. Namely, time lapses from the upper side to the lower
side.

The temporal change information developed 1n a propaga-
tion direction (z-axis direction) of the pulse terahertz wave 1
1s developed 1n a direction perpendicular to one-dimensional
image 1n the x-axis direction (1n a beam width direction of the
pulse prove wave 102) through temporospatial conversion in
the electrooptical crystal 103. Information 1n a time-axis
(depth) direction can be obtained by a two-dimensional imag-
ing device. Similar to interterence spectroscopy, it 1s possible
to obtain spectra through Fourier transformation of the tem-
poral information.

One axis of a two-dimensional image obtained with the
two-dimensional imaging device 1s used for measuring a tem-
poral wavelorm of the pulse terahertz wave, and the other axis
1s used for one-dimensional imaging (one-dimensional 1mag-
ing 1n a two-dimensional plane) of the pulse terahertz wave
passing in a lineal condensation (line beam) state. With
respect to the y-axis direction 1n a real space, only one point
can be measured. In order to obtain information 1n the y-axis
direction, 1t 1s necessary to scan the lineal region, to which the
pulse terahertz wave 1s condensed, in the y-axis direction. The
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present mventor has conceived that in-plane information 1s
measured at the same time by dissolving a wave front.

Embodiment 1

FI1G. 1 1s a schematic diagram illustrating an example 1 of
a terahertz wave 1imaging apparatus of the embodiment 1. A
terahertz wave 1 for detecting a measurement target and a
probe wave 2 for imaging are incident upon an electrooptical
crystal 3 noncoaxially. A digital camera 6 detects the probe
wave 2 passing through the electrooptical crystal 3. An exter-
nal air as an optical path of the terahertz wave 1 may be
nitrogen atmosphere or vacuum 11 necessary.

A measurement target 8 1s disposed on the optical path of
the terahertz wave 1 that 1s collimated, and a transmitted light
1s vertically incident upon the electrooptical crystal 3. The
wave Tront of the terahertz wave 1 1s parallel to the surface of
the electrooptical crystal 3. A collimated probe wave 2 1s
obliquely 1ncident upon the electrooptical crystal 3 via a
step-like transparent block 10 for forming an optical path
difference (phase difference), at an incidence angle 0. Each
tread face (terrace face) of the step-like transparent block 10
1s vertical to a propagation direction of the probe wave 2
(parallel to wave front). The propagation direction of the
probe wave 2 has an angle 0 relative to the normal of the
surface of the electrooptical crystal 3, and the wave fronts of
the probe wave 2 and the terahertz wave 1 cross outside the
clectrooptical crystal 3 at an angle 0. A polarizer 4 and an
analyzer 5 are cross Nichol arranged on the optical path of the
probe wave 2 at a front side and a back side of the electroop-
tical crystal 3, respectively.

A birefringence change occurs 1n the electrooptical crystal
3 because of the electrooptical effect by an electric field of the
terahertz wave 1 passing through the measurement target 8
and influenced by the measurement target 8. The linearly
polarized probe wave 2 changes 1ts polarization state (gener-
ally to elliptical polarization) because of the birefringence
change of the electrooptical crystal 3. Only the change com-
ponent of the polarization state of the probe wave 2 passes
through the analyzer 5 and 1s mput to the digital camera 6
including the focusing lens.

For example, as a common light source, a femtosecond
laser 20 manufactured by Spectra-Physics Inc. and having a
pulse energy of 1 ml, a pulse width of 100 s, a center wave-
length of 800 nm, and a repetition frequency of 1 kHz. An
output of the femtosecond laser 20 1s branched into two
beams by a beam splitter 21. One beam of them forms the
probe wave 2, an optical path of which 1s adjusted by a mirror
or the like if necessary. The other of the two beams 1s incident
upon a terahertz wave generator unit using a Zn'le electroop-
tical crystal 23 to generate the pulse terahertz wave 1. A
wavelength of the terahertz wave 1 spreads within a broad
wavelength range. A time width of the pulse terahertz wave 1
falls within a range of 1 to 2 psec.

The electrooptical crystal 3 1s made of, e.g., a 30 mmx30
mmx2 mm ZnTe crystal. The step-like transparent block 10 1s
made of, e.g., glass (BK'7) having a refractive index of 1.51 at
a wavelength of 800 nm. Other transparent materials may be
used such as glass of other kinds, and organic resin that 1s
transparent at a wavelength of 800 nm. The digital camera 6
1s, €.g., a CCD camera including a focusing lens and having
sensitivity at a wavelength of 800 nm, 512x512 pixels, and a
pixel pitch of 20 um. A magnification factor of the focusing,
lens 1s 0.3 1n this case.

An x-y-z orthogonal coordinate system 1s defined 1n which
a positive z-axis direction corresponds to a propagation direc-
tion of the probe wave 2, a width direction corresponds to the
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y-axis direction, a direction vertical to a drawing sheet (height
direction) corresponds to the x-axis direction. The propaga-
tion directions of the terahertz wave 1 and the probe wave 2
are parallel to the y-z plane. Namely, a y-z plane 1s perpen-
dicular to the wave fronts of the terahertz wave 1 and the
probe wave 2. The wave fronts of the terahertz wave 1 and the
probe wave 2 forms an angle 0 in the y-z plane.

The collimated terahertz wave 1 1s vertically incident upon
the electrooptical crystal 3 via the measurement target 8. The
collimated probe wave 2 propagates 1in the —z direction, and 1s
obliquely 1ncident upon the electrooptical crystal 3 at an
incidence angle 0.

In this embodiment, the step-like transparent block 10 1s
disposed on the optical path of the probe wave 2 on the
upstream side of the electrooptical crystal 3. The transparent
block 10 has a refractive index higher than an external air
having a refractive index of 1. In FIG. 1, the step-like trans-
parent block 10 has a larger size (height) 1n the z-axis direc-
tion along the optical path, lowers stepwise along the y-axis
direction, and the tread face (terrace face) parallel to the x-y
plane extends 1n the x-axis direction. The beam cross section
of the probe wave 2 1s partitioned 1nto a plurality of areas (unit
areas) 1n the beam width direction, beams 1n the umit areas
having optical path lengths different from each other. In one
unit area, the optical path length 1s uniform. Specifically, the
plurality of unit areas are defined in such a manner that the
optical path length becomes stepwise longer toward the
—y-direction.

FIG. 2A 1s an enlarged sectional view illustrating the struc-
ture and function of the step-like transparent block 10. The
transparent block 10 has a surface 10A parallel to the x-z
plane, a surface (bottom surface) 10B parallel to the x-y
plane, and a tread faces 10C parallel to the x-y plane and
opposite to the bottom surface 10B. The number of tread faces
10C 1s, e.g., five. A riser Taces (step faces) 10D parallel to the
x-z plane connects the tread faces 10C. Five unit areas having
different optical path lengths are therefore defined in the
beam cross section of the probe wave 2 in the beam width
direction (y-axis direction).

A higher terrace face 10C (on the more negative side 1n the
y-axis) the probe wave 2 passes, an optical path of the probe
wave 2 becomes longer and the wave front delays more. Five
wave fronts WEF1 to WFS are therefore formed. More positive
side 1n the y-axis (upper side) the wave fronts WE1 to WES
are disposed, the wave fronts become advanced. The surface
of the electrooptical crystal 3 1s inclined by an angle 0 relative
to the plane perpendicular to the propagation direction of the
probe wave 2. Each step (a height of the riser face 10D) of the
step-like transparent block 10 1s designed so that the wave
fronts WEF1 to WF5 reach the electrooptical crystal 3 at the
same time. The wave front of the terahertz wave 1 and the
wave fronts of the probe wave 2 coincide (phase shift 1s
compensated) at a plurality of positions (five positions) in the
cross line direction between the surface of the electrooptical
crystal 3 and the y-z plane.

FIG. 2 A illustrates a state where the lower ends of the wave
fronts WF1 to WFS reach the electrooptical crystal 3 at the
same time. As the wave fronts propagate, the upper ends of the
wave Ironts WE1 to WFS gradually reach the electrooptical
crystal 3. Namely, 1n each unit area, as described with refer-
ence to FI1G. 25, the temporal information 1s developed in the
y-axis direction. The information on the positions in the
y-axis direction in the real space can be measured by the
number of steps, 1n this case, five steps.

FIG. 2B 1s a schematic diagram illustrating an imaging,
plane ofthe digital camera 6. The imaging plane 1s partitioned
into five rectangular areas long 1n the x-direction correspond-
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ing to the unit areas partitioned by the step-like transparent
block 10. Each rectangular area 1s called in some cases a cell

CL1 to CL5. Ninety pixels are disposed 1n each cell 1n the
width direction. The ninety pixels disposed 1n each cell 1n the
width direction. The minety pixels measure the temporal
wavelorm of the terahertz wave 1.

FIG. 3 1s a perspective view 1llustrating a positional rela-
tion among the terahertz wave 1, the probe wave 2, the elec-
trooptical crystal 3, the digital camera 6 and the step-like
transparent block 10. The transparent block 10 for forming an
optical path length difference for the probe wave 2 having a
wavelength of 800 nm 1s made of glass (BK7). For spectro-
scopic 1imaging, the incidence angle 0 of the probe wave 2
relative to the electrooptical crystal 3 1s set to 42.45° to obtain
a temporal waveform having a resolution performance 010.15
psec and a time width of 13.5 psec and a spectrum having a
resolution performance of 0.07 THz and a bandwidth of 3.33
THz. The glass transparent block 10 has a refractive index of
1.51, a lateral width of 22.13 mm, a height of 30 mm, and a
height of the highest tread face from the bottom surface of
39.71 mm. A width of the terrace of each step parallel to the
wave front 1s 4.43 mm, and a height of the riser face 1n the
optical path direction 1s 7.94 mm. As the step-like transparent
block 10 1s disposed on the optical path of the probe wave 2
having a wavelength of 800 nm, 1t becomes possible to mea-
sure the temporal wavetform of the terahertz wave 1 at five
points disposed 1n a width direction of the measurement target
8 at the same time.

FI1G. 4 1llustrates an example 2 of the embodiment 1. In the
example 2, the probe wave 2 1s vertically incident upon the
clectrooptical crystal 3, and the terahertz wave 1 1s obliquely
incident upon the electrooptical crystal 3. The step-like trans-
parent block 10 1s disposed on the optical path of the terahertz
wave 1 on the upstream side of the electrooptical crystal 3, in
FIG. 4 between the measurement target 8 and the electroop-
tical crystal 3. Similar to the transparent block 10 of the
example 1, the transparent block 10 has a function of giving
an optical path length difference. However, the transparent
block 10 1s made of a transparent material in a wavelength
band of the terahertz wave, e.g., polyethylene because the
target wavelength 1s within a terahertz band. Other transpar-
ent materials may also be used such as diamond of type 11, Si,
Ge and the like.

The terahertz wave 1 1s obliquely 1ncident upon the elec-
trooptical crystal 3 at an incidence angle 0, and 1n the state
that the transparent block 10 1s not disposed, the optical path
length to the surface of the electrooptical crystal 3 1s longer on
the lower side 1n FIG. 4, and shorter on the upper side. In the
step-like transparent block 10, a height from the bottom sur-
face to the tread face 1s higher on the upper side, and lower on
the lower side. A height of the tread face 1s designed so that the
wave fronts of the terahertz wave 1 1n a plurality of the unit
areas reach the electrooptical crystal 3 at the same time. The
wave front of the terahertz wave 1 passing through each unit
area reaches the electrooptical crystal 3 faster on the upper
side of each unit area, and the wave front on the lower side
reaches the electrooptical crystal 3 with time. Similar to the
example 1, the temporal information 1s developed in the width
direction (y-axis direction) 1n each cell of the imaging plane
of the digital camera 6.

Embodiment 2

FIGS. 5A and 5B are cross sectional views 1llustrating the
terahertz wave 1imaging apparatus of examples 1 and 2 of the
embodiment 2. In the embodiment 1, the optical path differ-
ence (phase difference) 1s generated by disposing the step-
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8

like transparent block 10 on the optical path of the terahertz
wave or the probe wave. In the embodiment 2, the electro-
magnetic wave 1s reflected at a step-like mirror to generate the
optical path difference (phase difference). As an electromag-
netic wave passes through the transparent block, some prob-
lems may occur, for example, the pulse width may be widened
or the intensity may be attenuated. By using reflection at the
mirror, 1t becomes possible to avoid the problems associated
with passing through transparent material.

FIG. 5A illustrates the example 1 of the embodiment 2.
Description will be made mainly on differences from the
example 1 of the embodiment 1 1llustrated in FIG. 1. In the
example 1 of the embodiment 2, a beam splitter 11 and the
step-like mirror 12 are disposed on the optical path of the
probe wave 2. The step-like mirror 12 has a plurality of
reflection planes at different positions i1n the propagation
direction of the probe wave 2. The plurality of reflection
planes partition a plurality of umit areas generating different
optical path lengths. The optical system of the terahertz wave
1 1s the same as that illustrated 1n FIG. 1. As compared with
FIG. 1, the incidence optical path 1s changed by 90°.

The probe wave 2 passes through the polarizer 4, and
thereatter 1s reflected at the beam splitter 11, and propagates
away from the electrooptical crystal 3. Thereatfter, the probe
wave 2 1s retlected by the step-like mirror 12, propagates
along the same optical path in an opposite direction, passes
through the beam splitter 11, and propagates toward the elec-
trooptical crystal 3. As being reflected at each reflection plane
ol the step-like mirror 12, an optical path difference twice the
height of the riser face of the step-like mirror 12 1s given to the
probe wave 2. The electrooptical crystal 3, the analyzer 5 and
the digital camera 6 including the focusing lens are the same
as those 1llustrated 1n FIG. 1.

The beam splitter 11 may be made of a half mirror. The halt
mirror for the probe wave having a wave length of 800 nm
may be made of a thin film of retflexible metal such as Al, Ag,
and Au, or a partial reflector (stripe) formed on a transparent
material such as glass. The step-like mirror 12 may be made
of a reflexible metal mirror formed on the surface of a struc-
tural body having a step-like surface. The material of the
structural body 1s not limited specifically if 1t provides a
physical support and forms a mirror surface.

FIG. 5B illustrates the example 2 of the embodiment 2.
Description will be made mainly on differences from the
example 2 of the embodiment 1 1llustrated in FIG. 4. In the
example 2 of the embodiment 2, the beam splitter 11 and
step-like mirror 12 are disposed on the optical path of the
terahertz wave 1. As compared with FIG. 4, the incidence
optical path of the terahertz wave 1 1s changed by 90°. As the
terahertz wave reflected at the beam splitter 11 propagates
toward the step-like mirror 12 and 1s reflected by the step-like
mirror 12, the beam cross section of the terahertz wave 1 1s
partitioned 1nto a plurality of unit areas generating different
optical path lengths. The structure and function are the same
as the beam splitter 11 and the step-like mirror 12 illustrated
in FIG. 5A, excepting the operating wavelength. The beam
splitter 11 may be made by forming a reflexible metal partial
reflection mirror on a sheet made of transparent material such
as polyethylene. The step-like mirror 12 may be made of a
reflexible metal mirror formed on the surface of a structural
body having a step surface. Other structures are the same as
those 1llustrated in FIG. 4.

In the examples 1 and 2 of the embodiment 2, although
there 1s no loss caused by the transmission through the trans-
parent block, there is loss caused by the retlection at the beam
splitter 11 and the transmission through the beam splitter 11.
The beam splitter may be omitted.




US 9,204,063 B2

9

FIG. SC llustrates an example 3 of the embodiment 2. The
step-like mirrors 12A and 12B are used under an oblique
incident condition without using the beam splitter. The riser
face 1s made parallel to the incidence or retlection wave so
that the riser face does not shade the beam. Description will be
made assuming that an incidence angle to the reflection plane
1s 45°, and a change 1n a propagation direction of the electro-
magnetic wave 1s 90°. In the structure illustrated in FI1G. 5C,
the step-like mirror 12 A has riser faces parallel to an incident
wave, and the step-like mirror 12B has riser faces parallel to
a retlected wave. A plurality of retlected wave fluxes reflected
at a plurality of retlection planes of the step-like mirror 12A
have gaps corresponding to depths (heights) of the riser faces.
The gaps disappear in the plurality of reflected waves
reflected at reflection planes of the step-like mirror 12B. A
desired optical path difference (phase difierence) 1s generated
between a plurality of optical fluxes retlected at a plurality of
reflection planes of the step-like mirrors 12A and 12B.

The step-like transparent block used 1n the embodiment 1
and the step-like mirror used 1n the embodiment 2 are con-
sidered that both compensate the timing (phase) shiit between
the terahertz wave (detecting electromagnetic wave) and the
probe wave (imaging electromagnetic wave) on the surface of
the electrooptical crystal, and may be called an optical com-
pensating component.

Embodiment 3

FI1G. 6 1llustrates a terahertz wave imaging apparatus of the
embodiment 3. In the embodiment 1, an electromagnetic
wave passing through a spatial region 1n the measurement
target 8 1s incident upon each cell CL1 to CL5 (FIG. 2B).
Information on different positions in the measurement target
8 1s imaged at different positions in the y-axis (time axis)
direction 1n each cell. In the embodiment 3, cylindrical lens
arrays 13 and 14 are disposed front side and back side of the
measurement target 8. The collimated terahertz wave 1 1s
condensed into a plurality of parallel lineal regions by the
cylindrical lens array 13 and incident upon the measurement
target 8, and the transmitted beam 1s recovered to a plurality
of collimated light fluxes by the cylindrical lens array 14.
Each collimated light flux spreads 1n a width direction, and 1s
a terahertz wave passing through the lineal region of the
measurement target 8. Any rays included 1n a light flux inde-
pendent upon positions 1n the width direction have informa-
tion on the same lineal region of the measurement target 8.
The step-like transparent block 10 divides the probe wave 2
into a plurality of unit light fluxes having an optical path
length difference. Each unit light flux of the probe wave 2 1s
incident upon the same region of the electrooptical crystal 3
as a corresponding collimated light flux of the terahertz wave
1. The number of lenses of each of the cylindrical lens arrays
13 and 14, the number of steps of the transparent block 10 and
the number of cells of the digital camera are therefore the
same. Noises are reduced by using the terahertz wave having
the same information in the width direction of the cells.

The other structures are the same as the example 1 of the
embodiment 1 1illustrated in FIG. 1. As 1n the case of the
example 2 of the embodiment 1, the probe wave 2 may be
vertically mncident upon the electrooptical crystal 3, the tera-
hertz wave 1 may be obliquely incident upon the electroop-
tical crystal 3, and the step-like transparent block 10 may be
disposed on the optical path of the terahertz wave 1.

Embodiment 4

FIGS. 7A and 7B 1llustrate a terahertz wave 1imaging appa-
ratus of an example 1 of the embodiment 4. Description will
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be made mainly on different points from the embodiment 3
illustrated in FIG. 6. In the step-like transparent block 10
illustrated 1n FIG. 6, a si1ze (a height from the bottom surface
to the tread face) i the beam propagation direction of the
probe wave 2 or terahertz wave 1 1s different at each unit area
(cell), and a plurality of tread faces extending in the x-axis
direction are disposed in the y-axis direction (width direc-
tion). Constituent elements 1n FIG. 7A are all disposed in the
same manner as 1llustrated 1n FIG. 6. Together with the step-
like transparent block 10, another transparent block 15 1is
turther disposed on the optical path of the probe wave 2.

The step-like transparent block 10 partitions the imaging,
plane (X-y plane) of the digital camera 6 1into a plurality of
cells CL1 to CLS (FIG. 2B). In the embodiment 4, these cells
are called *“‘y-division cells™.

FIG. 7B 1s a cross sectional view of the transparent block
15 perpendicular to the y-axis. The transparent block 15
includes a plurality of block elements 15s disposed 1n the
x-direction and having the same shape. The block element 15s
partitions the imaging plane into a plurality of x-division cells
disposed 1n the x-direction. Each block element 155 has a flat
bottom surface perpendicular to the z-axis, and a step-like
surface constituted of riser faces perpendicular to the x-axis
and tread faces perpendicular to the z-direction. Each tread
face extends 1n the y-direction. The step-like surface lowers
toward the positive direction of the x-axis with reference to
the bottom surface perpendicular to the z-axis. Namely, a size
ol the probe wave 1n the propagation direction (z-direction) 1s
different at each area (x-division cell) corresponding to the
tread face, and an optical path length becomes shorter toward
the positive direction 1n the x-axis.

The transparent block 10 having a different size in the
z-direction dependent upon a position in the y-direction 1s
called 1n some cases a y-direction step transparent block, and
the transparent block 15 having a different size 1n the z-di-
rection dependent upon a position 1n the x-direction 1s called
in some cases an x-direction step transparent block.

The number of transparent block elements 15s 1s repre-
sented by n_, and the number of steps of each transparent
block element 15s 1s represented by m_ . The number of steps
ol a step-like y-direction transparent block 10 1s represented
by n..

I*PIyGS. 8A and 8B are schematic diagrams illustrating
image information 1maged on the imaging plane of the digital
camera 6. As illustrated in F1G. 8A, n,, steps of the y-direction
step transparent block 10 form n, stripe areas (y-division
cells) arranged 1n the y-direction. In each y-division cell, the
wave front of the probe wave 2 reaches the electrooptical
crystal 3 later from the right side (lower side in FIG. 7A)
toward the left side. The x-direction step transparent block 15
has the structure that n_ transparent block elements 15s are
stacked 1n the x-direction, and divides the imaging plane nto
n, x-division cells in the x-direction.

One cell 1s defined by an area where the x-division cell
extending 1n the y-direction crosses the y-division cell
extending in the x-direction. In the 1imaging plane, (n xn,)
cells CL are defined. An m-th cell at an n-th row 1s represented
by CLnm. The upper lett cell 1s represented by CLL11, and the
lower right cell is represented by CLn,n,. Each transparent
block element 155 has m_ tread faces arranged in the x-direc-
tion.

As illustrated in FIG. 8B, corresponding to the tread face of
the transparent block element 15s, each cell CL 1s divided into
m,_ areas (sub areas) in the x-direction. The probe wave 2
incident upon the m, sub areas has an optical path length that
varies by each sub area. In the structure 1llustrated 1n FI1G. 7B,
the probe wave passes through the tread face positioned 1n the




US 9,204,063 B2

11

more positive direction in the x-axis, shorter the optical path
length of the probe wave becomes. The wave front of the
probe wave passes through the tread face positioned 1n the
more positive direction 1n the x-axis, earlier the wave front
reaches the electrooptical crystal. By adjusting the timing
difference caused by an optical path length difference, 1t
becomes possible to adjust scan timings of each sub area so
that a scan 1n the first sub area 1s followed by a scan 1n the
second sub area, and the scan in the second sub area 1s fol-
lowed by a scan 1n the third sub area and so on 1n each cell CL.
Wavelorm information of the terahertz wave 1s therefore
clongated by m, times on the time axis.

An example of each parameter will be described. A size of
the electrooptical crystal 3 1s 30 mmx30 mmx2 mm. A mag-
nification factor of the focusing lens of the digital camera 6 1s
0.3, the number of pixels 1s 512x512, and a pixel pitch 1s 20
um. A temporal wavelform having a resolution power Td of
0.1 psec and a time width Tw of 25.6 psec and a spectrum
having a resolution power of 0.04 THz and a band width of 3
THz are obtained. The number n,, ot steps ot the y-direction
step transparent block 10 1s 14. The number n,_ of transparent
block elements 155 constituting the x-direction step transpar-
ent block 15 1s 14, and the number m_ of steps of each trans-
parent block element 155 1s 8.

The number of pixels of each cell CL 1s 32x32. One tread
face of the transparent block element 135s has a width corre-
sponding to four pixels. An incidence angle 0 of the probe
wave 2 1to the electrooptical crystal 3 1s 26.62°. The trans-
parent blocks 10 and 15 are made of glass having a refractive
index of 1.51. A width (size in the y-direction), a size 1n the
z-direction, and a size 1n the x-direction of the y-direction step
transparent block 10 are, 26.82 mm, 26.35 mm and 30 mm,
respectively. A width (size 1 the y-direction) of each tread
face 1s 1.92 mm, and a height (si1ze 1n the z-direction) of each
riser face 1s 1.88 mm. A width (size 1n the y-direction), a size
in the z-direction, and a size in the x-direction of each of the
transparent block elements 15s are, 26.82 mm, 15.06 mm and
30 mm, respectively. A width (size 1n the x-direction) of each
tread face of the transparent block element 155 1s 0.27 mm,
and a height (size 1n the z-direction) of each tread riser face 1s
1.88 mm.

The wave front of the probe wave 2 reaches the electroop-
tical crystal 3 at the same time with respect to the x-direction.
The x-direction step transparent block 15 generates a time
difference with respect to the x-direction originally having no
time difference. The direction of increasing or decreasing the
optical path length in the x-direction may be reversed.

In the embodiment 4 wherein the terahertz wave 1 1s ver-
tically incident upon the electrooptical crystal 3, the x-direc-
tion step transparent block 15 1s disposed to generate an
optical path length difference in the x-direction. As in the
example 2 of the embodiment 1 illustrated in FIG. 4, a similar
x-direction step transparent block may be disposed on the
optical path of the terahertz wave 1, 1 the probe wave 2 1s
vertically incident upon the electrooptical crystal 3. The y-di-
rection step transparent block 10 and the x-direction step
transparent block 15 may be disposed on different optical
paths.

FI1G. 9 1llustrates a terahertz wave 1imaging apparatus of an
example 2 of the embodiment 4. The y-direction step trans-
parent block 10 and the x-direction step transparent block 15
illustrated 1n FIG. 7A are combined to form a y-direction
x-direction step transparent block 16. In this example,
although the transparent block is disposed on the optical path
of the probe wave 2, a sitmilar modification 1s possible also for
the example 1n which the transparent blocks are disposed on
the optical path of the terahertz wave 1.
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Embodiment 5

FIG. 10 illustrates a terahertz wave 1imaging apparatus of
the embodiment 5. The whole optical path of the terahertz
wave 1 and the structure lying downstream of the electroop-
tical crystal 3 are the same as the embodiment 3 1llustrated in
FIG. 6. In the embodiment 3, the probe wave 2 that passed
through the polarizer 4 passes through the beam splitter 11,
and 1s mncident upon a width direction (y-direction) step-like
mirror 12. A reflected beam from the width direction step-like
mirror 12 1s reflected at the beam splitter 11 and incident upon
the height direction (x-direction) step-like mirror array 17. A
reflected beam from the x-direction step-like mirror array 17
passes through the beam splitter 11 and 1s obliquely 1ncident
upon the electrooptical crystal 3. The height direction (x-di-
rection) step-like mirror array 17 1s formed by forming a
mirror on the step surface of the underlying structure having
a shape similar to the x-direction step transparent block 135
stacking the transparent block elements 15s 1llustrated in FIG.
7B.

In FIG. 10, a propagation direction of the probe wave 2 at
the position where the width direction step-like mirror 12 1s
disposed 1s displaced from the axis direction of the probe
wave 2 at the position where the electrooptical crystal 3 1s
disposed. However, basing upon the xyz coordinate system at
the position where the electrooptical crystal 3 1s disposed, the
width direction step-like mirror 12 1s called a y-direction
step-like mirror. The height direction step-like mirror array
17 1s called an x-direction step-like mirror array. The probe
wave 2 1s divided 1nto a plurality of unit beams having differ-
ent optical path lengths and arranged 1n the y-direction by the
y-direction step-like mirror 12, and 1s divided 1nto a plurality
of unit beams having different optical path lengths and
arranged 1n the x-direction by the x-direction step-like mirror
array 17. Although the refractive index of the medium 1n the
areca where the probe wave 2 passes 1s 1, the probe wave 2
reciprocates the path where the optical path difference 1s
generated so that the step effect 1s doubled. If the same char-
acteristics as those of the structure illustrated in FIGS. 8 A and
8B are to be obtained, a height from the bottom surface of the
y-direction step-like mirror 12 to the highest tread face 1s 6.72
mm, and a step (height of eachriser face)1s 0.48 mm. A height
from the bottom surface of the x-direction step-like mirror
array 17 to the highest tread face 1s 3.84 mm, and a step
(height of each riser face) 1s 0.48 mm. Other dimensions do
not change.

FIG. 10 1llustrates the example in which the step-like mir-
ror 1s disposed on the optical path of the probe wave. The
step-like mirror may be disposed on the optical path of the
terahertz wave. The y-direction step-like mirror and the x-di-
rection step-like mirror array may be disposed on different
optical paths.

FIGS. 11A and 11B illustrate a terahertz wave imaging
apparatus of a modification of the embodiment 5. FIG. 11A
illustrates the structure of a y-direction x-direction step-like
mirror array 18 which 1s obtained by combining the y-direc-
tion step-like mirror 12 and the x-direction step-like mirror
array 17 1llustrated in FIG. 10.

FIG. 11B 1s a schematic perspective view illustrating the
structure of the y-direction x-direction step-like mirror array
18. Reflection plane has steps in y-direction and x-direction.

As the two mirrors are combined, an optical path 1s sim-
plified. The probe wave 2 that passed through the polarizer 4
1s reflected at the beam splitter 11 and incident upon the
y-direction x-direction step-like mirror array 18. Reflected
beam from the y-direction x-direction step-like mirror array
18 passes through the beam splitter 11, and 1s incident upon
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the electrooptical crystal 3. Other structures are the same as
those of the embodiment 5 1llustrated 1n FIG. 10.

FI1G. 12 1llustrates a terahertz wave imaging apparatus of a
turther modification of the embodiment 5. As compared to the
structure 1llustrated 1n FI1G. 10, the beam splitter 11 1s omit-
ted. The probe wave 2 1s obliquely incident upon the x-direc-
tion step-like mirror array 17 at an incidence angle 0145°. The
probe wave 2 retlected from the x-direction step-like mirror
array 17 1s obliquely incident upon the y-direction step-like
mirror 12 at an incidence angle of 45°.

FIGS. 13A and 13B 1llustrate one unit 17s of the x-direc-
tion step-like mirror array 17 and an example of the shape of
the y-direction step-like mirror 12. The step (riser face) of the
x-direction step-like mirror 17s 1s parallel to the y-z plane and
to the mncidence light. In the x-direction step-like mirror 17s,
an angle between the riser face and the tread face 1s 90°. The
reflection plane (tread face) has a stripe shape that 1s long in
a direction perpendicular to the drawing sheet, and even 1f
light 1s incident obliquely 1n the length direction, the light will
not be shaded.

In the y-direction step-like mirror 12 illustrated in FIG.
13B, steps (riser faces) parallel to the incident light couple a
plurality of reflection planes (tread faces) whose normal has
an angle of 45° with respect to the incident light.

For example, by using the electrooptical crystal of 30
mmx30 mmx2 mm and a digital camera having a focusing,
lens magnification factor of which s 0.3, the number of pixels
of 512x512 and a pixel pitch of 20 um, two-dimensional
imaging 1s performed for a measurement target of the tera-
hertz wave. The x-direction step-like mirror array 17 1s con-
stituted of fourteen x-direction step-like mirrors 17s, and each
x-direction step-like mirror 17s has eight reflection planes
(tread faces). The y-direction step-like mirror 12 has fourteen
reflection planes (tread faces). It 1s assumed that each cell
includes 16x16 pixels.

It 1s considered to obtain a temporal wavetform having a
resolution power Td of 0.1 psec and a time width Tw of 12.8
psec and a spectrum having a resolution power of 0.08 THz
and a band width of 5 THz. An incidence angle 0 of the probe
wave 2 to the electrooptical crystal 3 15 26.62°. A width of a
plane perpendicular to an incident light, a width of a plane
perpendicular to an outgoing light and a height of the y-di-
rection step-like mirror 12 are 13.38 mm, 26.82 mm and 30
mm, respectively. A width of an incident light to each reflec-
tion plane (tread face) and a width of an outgoing light from
cach retlection plane (tread face) are both 0.956 mm. A size
(height) of the back surface of each x-direction step-like
mirror 17s 1s 2.14 mm. A width of a reflection plane (tread
face) 1s 0.27 mm, a step (height of riser face) 1s 0.34 mm. A
s1ze of the x-direction step-like mirror array 17 having four-
teen x-direction step-like mirrors 17s which are arranged 1s
22.76 mmx2.71 mmx30 mm.

In the y-direction step-like mirror 12 1illustrated in FIG.
13B, there 1s a gap between retlected beams reflected at
adjacent reflection planes. It 1s possible to prevent the gap
from being generated by forming an optical path length dii-
ferent by combining two mirrors as illustrated in FIG. 5C.

It1s possible to consider that the x-direction step-like trans-
parent block and the x-direction step-like mirror array used in
the embodiments 4 and 5 are to be an optical element for
dividing beams having the same phase 1n the beam cross
section 1nto a plurality of unit beams having phases different
from each other. It 1s therefore possible to call the x-direction
step transparent block and x-direction step-like mirror array

as a phase shifting optical component.

Embodiment 6

The embodiment 6 will be described with reference to
FI1GS. 14 t0 16. In the embodiment 1, a measurable time width
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1s limited as illustrated in FIG. 2A by the time from when the
lower end of each of the wave fronts WF1 to WES of the probe
wave 2 reaches the electrooptical crystal 3 to when the upper
end of each of the wave fronts WFE1 to WES of the probe wave
2 reaches the electrooptical crystal 3. In the embodiment 6, 1t
1s possible to widen a measurable time width.

FIG. 14 1s a schematic diagram 1llustrating an electro mag-
netic wave imaging apparatus of the embodiment 6. Descrip-
tion will be made mainly on different points from the example
1 of the embodiment 1. Inthe embodiment 6, a time delay unit
30 1s disposed on the optical path of the probe wave 2. The
time delay unit 30 includes mirrors 31 and 33, a movable
mirror 32 and a linear motion stage 34. The movable mirror 32
has two reflection planes (first and second reflection planes)
crossing perpendicularly with each other.

The probe wave 2 that was reflected by the mirror 22 1s
reflected by the mirror 31 and incident upon the first reflection
plane of the movable mirror 32 at an mcident angle of 45°.
The probe wave 2 that was reflected by the first reflection
plane 1s incident upon the second reflection plane at an inci-
dent angle of 45°. The probe wave 2 that was retlected by the
second reflection plane is reflected by the mirror 33 and
propagates toward the analyzer 4.

The linear motion stage 34 moves the movable mirror 32 1n
a direction parallel to a propagation direction of the probe
wave 2 incident upon the first reflection plane (a propagation
direction of the probe wave 2 reflected at the second reflection
plane). It 1s possible to change a delay time of the probe wave
2 relative to the terahertz wave 1 by adjusting the optical path
length from the mirror 31 to the first retlection plane of the
movable mirror 32.

An optical path of the terahertz wave 1 and an optical path
of the probe wave 2 after passing through the time delay unit
30 are the same as those of the embodiment 1.

Description will now be made on the imaging method of
the electromagnetic wave imaging apparatus of the embodi-
ment 6. As in the case of the embodiment 1 illustrated 1n FIG.
1, 1t 1s possible to measure temporal wavetorms of the tera-
hertz wave 1 by fixing the position of the movable mirror 32.

FIG. 15 1llustrates temporal waveforms TH(1) to TH(6) of
the terahertz wave 1 that passed through the measurement
target 8. FI1G. 15 illustrates wavelorms of the terahertz waves
1 corresponding to six laser pulses emitted from the femto-
second laser 20. The temporal wavetorms TH(1) to TH(6) of
the terahertz waves 1 which respectively correspond to the six
laser pulses emitted from the femtosecond laser 20 appear.

When the temporal wavetorm TH(1) of the terahertz wave
1 1s incident upon the electrooptical crystal 3, a delay time of
the probe wave 2 relative to the terahertz wave 1 1s adjusted so
that it 1s possible to observe the wavetorm between the phases
ph, and ph, of the temporal waveform TH(1). Therefore, the
partial wavetorm at the head of the temporal wavetorm TH(1)
between the phases ph, and ph, 1s developed into each cell
CL1 to CLS illustrated 1n FIG. 2B. For example, a partial
wavetorm THp(1) of the temporal wavelform TH(1) between
the phases ph, and ph, 1s developed 1nto the cell CL1.

After the partial wavetorm THp(1) 1s observed, the mov-
able mirror 32 1s moved to prolong the delay time of the probe
wave 2 relative to the terahertz wave 1. This delay time 1s
adjusted so that 1t 1s possible to observe the waveform
between the phases ph, and ph, of the temporal wavetform
TH(1). Therefore, for example, a partial wavetorm THp(2) of
the temporal wavetorm TH(2) between the phases ph, and
ph, 1s developed 1nto the cell CL1.

By repeating motion of the movable mirror 32 and wave-
form observation of the terahertz wave 1, 1t 1s possible to
observe partial wavelorms of the temporal wavetorm TH(1)
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between phases ph._, and ph, by shifting time, where the
variable number “1” 1s a positive integer. FIG. 15 illustrates
the temporal wavelorms TH(1) and the partial wavelorms
THp(1) when1=1, 2, ..., 6.

By coupling obtained partial waveforms THp(1) to THp(6)
on a time axis, 1t 1s possible to obtain one waveform TH of the
terahertz wave 1.

FI1G. 16 1s a schematic diagram illustrating image informa-
tion displayed on the imaging plane of the digital camera 6.
The imaging plane is partitioned 1nto five cells CLL1 to CLS5 as
illustrated 1n FIG. 2B. The waveform information on the
temporal wavetorm TH(1) illustrated 1in FIG. 15 between the
phases ph,, to ph, 1s obtained as two-dimensional image infor-
mation IA(1). With respect to the image information IA(1),
the wavelorm information between the phases ph, and ph, 1s
developed into each cell CL1 to CLS 1n the y-direction. Simi-
larly, the wavetform information between the phases ph,_; and
ph, 1s obtained as the two-dimensional 1image information
TIA(Q1).

By coupling in the y-axis direction the image information
CL1(1) to CL1(6) in the cell CL1 of the two-dimensional

image information IA(1) to 1A(6), 1t 1s possible to obtain
two-dimensional 1mage information IACL1 having a time
width of the phase between ph, and ph,. Similarly, 1t 1s pos-
sible to obtain two-dimensional 1mage information IACL2 to
IACLS of the cells CL2 to CLS having a time width of the
phase between ph, and phg.

Even 1f only a portion of temporal wavetorm TH of the
terahertz wave 1 1s able to be measured by one pulse of the
probe wave 2, the waveform information of a whole time
width of the temporal wavelform TH can be obtained using the
method of the embodiment 6.

By prolonging the measurable time width of the terahertz
wave 1, 1t 1s possible to improve a spectrum resolution power.
For example, a spectrum resolution power 1s 0.07 THz when
a wavelorm having a time width of 13.5 psec 1s measured. If
a measurement time width 1s made longer by seven times, a
spectrum resolution power 1s 1mproved by seven times,
namely to 0.01 THz.

In the embodiment 6, the optical system of the example 1 of
the embodiment 1 1llustrated in FIG. 1 1s used as the optical
system through which the terahertz wave 1 that passed
through the electrooptical crystal 23 passes and the probe
wave 2 that passed through the time delay unit 30 passes.
Other optical systems may also be adopted including the
example 2 of the embodiment 1 illustrated in FIG. 4, the
examples 1 to 3 of the embodiment 2 illustrated in FIGS. SA
to 5C, the embodiment 3 illustrated 1n FIG. 6, the example 1
of the embodiment 4 illustrated 1n FIG. 7A, the example 2 of
the embodiment 4 illustrated 1n FIG. 9, the embodiment 5
illustrated 1n FIG. 10, a modification of the embodiment 5
illustrated 1n FIGS. 11A and 12, and the like.

FIG. 17A 1s a schematic diagram 1llustrating an electro-
magnetic wave generator unit of the electromagnetic wave
imaging apparatus of the modification 1 of the embodiment 6.
Ditfferent points from the embodiment 6 1llustrated in FIG. 14
will be described mainly. In the modification 1, the time delay
unit 30 1s disposed on the optical path of the terahertz wave 1.

FIG. 17B 1s a schematic diagram illustrating an electro-
magnetic wave generator unit of the electromagnetic wave
imaging apparatus of the modification 2 of the embodiment 6.
Different points from the embodiment 6 1llustrated 1n FI1G. 14
will be described mainly. In the modification 2, the time delay
unit 30 1s disposed on the optical path of the femtosecond
laser between the mirror 21 and the electrooptical crystal 23.

In the modifications 1 and 2, 1t 1s possible to adjust a delay
time of the terahertz wave 1 relative to the probe wave 2. In
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other words, 1t 1s possible to adjust a relative phase relation
between the terahertz wave 1 and the probe wave 2. As in the
case ol the embodiment 6, 1t is therefore possible to make long
the time width capable of measuring the wavelorm of tera-
hertz wave 1.

Embodiment 7

FIG. 18A 1s a schematic diagram 1llustrating an electro-
magnetic wave generator unit of the electromagnetic wave
imaging apparatus of the embodiment 7. Different points
from FIG. 14 of the embodiment 6 will be described.

As 1n the case of the embodiment 6, 1n the embodiment 7,
the time delay umt 30 1s disposed on the optical path of the
probe wave 2. In the embodiment 7, the time delay unit 30
includes mirrors 36 and 37, a rotary stage 38, a plurality of
movable mirrors 39 and a motor 40.

FIG. 18B 1s a perspective view 1llustrating the main portion
of the time delay unit 30. A motor 40 rotates the rotary stage
38. A plurality of movable mirrors 39 is disposed on the rotary
stage 38 along a circumierence of a circle, the center of which
coincides with the rotation center of the rotary stage 38. A
reflection plane of each movable mirror 39 1s perpendicular to
the rotation axis of the rotary stage 38. Heights of the reflec-
tion planes of the movable mirrors 39 are different from each
other.

As 1llustrated 1n FIG. 18 A, the probe wave 2 reflected at the
mirror 22 1s reflected at the mirror 36. The probe wave 2
reflected at the mirror 36 1s reflected by the movable mirror 39
and propagates toward the mirror 37. The optical path of the
probe wave 2 reflected at the mirror 37 1s the same as the
embodiment 6 illustrated 1n FIG. 14.

It 1s possible to change the optical path length of the probe
wave 2 by rotating the rotary stage 38 and stopping 1t 1n such
a manner that one of the movable mirrors 39 1s disposed on the
optical path of the probe wave 2. A delay time of the probe
wave 2 relative to the terahertz wave 1 1s able to be changed.

As 1n the case of the embodiment 6, also 1n the embodiment
7, 1t 1s possible to make long the time width for measuring the
wavelorm of the terahertz wave 1. As compared to the
embodiment 6 using the linear motion stage 34, by using the
rotary stage 38, the time for adjusting the delay time can be
made short.

The time delay unit 30 used 1n the embodiment 7 may be
disposed on the optical path of the terahertz wave 1 as 1llus-
trated 1n FIG. 17 A, or may be disposed on the optical path of
the femtosecond laser between the mirror 21 and the elec-
trooptical crystal 23 as 1llustrated 1n FIG. 17B.

As 1n the case of the embodiment 6, as the optical system
through which the terahertz wave 1 that passed through the
clectrooptical crystal 23 passes and the probe wave 2 that
passed through the time delay unit 30 passes, the optical
systems other than that of the example 1 of the embodiment 1
illustrated 1 FIG. 1 may also be used. For example, the
optical system of the example 2 of the embodiment 1 1llus-
trated in FIG. 4, the examples 1 to 3 of the embodiment 2
illustrated 1n FIGS. 5A to 5C, the embodiment 3 1llustrated in
FIG. 6, the example 1 of the embodiment 4 1llustrated in FIG.
7A, the example 2 of the embodiment 4 1llustrated 1n FIG. 9,
the embodiment 5 illustrated 1n FIG. 10, and the modifica-
tions of the embodiment 5 1llustrated in FIGS. 11 A and 12, or
the like may be used.

Embodiment 8

FIG. 19A 15 a schematic diagram 1llustrating an electro-
magnetic wave generator unit of the electromagnetic wave
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imaging apparatus of the embodiment 8. Different point from
the embodiment 6 illustrated 1n FIG. 14 will be described
mainly.

In the embodiment 8, as 1n the case of the embodiment 6,
the time delay unit 30 1s disposed on the optical path of the
probe wave 2. In the embodiment 8, the time delay unit 30
includes a rotary plate 43 having a plurality of openings 44, a
transparent plate 45 and a motor 46. The motor 46 rotates the
rotary plate 43 and stops the rotary plate 43 at a desired
position.

As illustrated 1n FI1G. 19B, the openings 44 are disposed on
a circumierence of a circle, the center of which coincides with
the rotation center of the rotary plate 43. Each opening 44 1s
covered with the transparent plate 45. Thicknesses of a plu-
rality of transparent plates 45 are different from each other.
Glass plates (e.g., BK7) are used for the transparent plates 45.

A desired one of the transparent plates 45 can be disposed
on the optical path of the probe wave 2 by rotating the motor
46. As the thickness of the transparent plate 45 disposed on
the optical path of the probe wave 2 changes, the optical path
length of the probe wave 2 changes so that the delay time of
the probe wave 2 relative to the terahertz wave 1 1s able to be
adjusted.

The structure of the optical system through which the tera-
hertz wave 1 that passed through the electrooptical crystal 23
passes and the probe wave 2 that passed through the transpar-
ent plate 45 passes 1s the same as the optical system of the
example 1 of the embodiment 2 illustrated 1n FIG. 5A.

As 1n the case of the embodiment 6, also 1n the embodiment
8, 1t 15 possible to make long a time width for measuring the
wavelorm of the terahertz wave 1. As compared to the
embodiment 6 using the liner motion stage 34, the time for
adjusting the delay time can be made short by using the rotary
plate 43.

Under the condition that the delay time of the probe wave
2 relative to the terahertz wave 1 i1s fixed, the case will be
considered 1n which the optical system is structured so that 1t
1s possible to obtain the temporal waveiorm having a time
width of 1.6 psec at fourteen positions arranging in the width
direction of the measurement target 8 at the same time. For
example, a transparent plate 45 having a thickness of 2 mm 1s
disposed on the optical path of the probe wave 2 to obtain the
temporal waveform having a time width of 1.6 psec. There-
aiter, the rotary plate 43 1s rotated to dispose another trans-
parent plate 45 having a thickness of 2.941 mm, and the
temporal wavelform having a time width of 1.6 psec continu-
ing the temporal wavetform that has measured at a previous
time can be measured.

By changing eight transparent plates 45 having a thickness
difference 010.941 mm to sequentially obtain temporal wave-
torms of the terahertz wave 1, the temporal wavetform having
a time width of 12.8 psec can be obtained.

The time delay unit 30 of the embodiment 8 may be dis-
posed on the optical path of the femtosecond laser between
the mirror 21 and the electrooptical crystal 23 as 1llustrated in
FIG. 17B.

As the optical system through which the terahertz wave 1
that passed through the electrooptical crystal 23 passes and
the probe wave 2 that passed through the time delay unit 30
passes, the optical systems other than that of the example 1 of
the embodiment 2 illustrated 1n F1G. SA may also be used. For
example, the optical system of the example 1 of the embodi-
ment 1 i1llustrated in FIG. 14, the example 2 of the embodi-
ment 1 1llustrated in FIG. 4, the examples 2 to 3 of the
embodiment 2 1llustrated in FIGS. 5B to 5C, the embodiment
3 illustrated i FIG. 6, the example 1 of the embodiment 4
illustrated i FIG. 7A, the example 2 of the embodiment 4
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illustrated 1n FIG. 9, the embodiment 5 1llustrated in FIG. 10,
and the modifications of the embodiment 5 illustrated in

FIGS. 11A and 12, or the like may be used.

Embodiment 9

FIG. 20A 1s a schematic diagram 1illustrating an electro-
magnetic wave generator unit of the electromagnetic wave
imaging apparatus ol the embodiment 9. Different points
from the embodiment 9 in FIGS. 19A and 19B will be

described mainly.

As 1llustrated 1in FIG. 20A, the time delay unit 30 of the
embodiment 9 includes a rotary transparent block 48 and a
motor 49. The rotary transparent block 48 includes a disc
shaped base plate, and a cylindrical side wall disposed along
the outer circumierence of the base plate.

As 1llustrated 1n FIG. 20B, the inner circumierential sur-
face of the side wall has a cylindrical shape having a constant
diameter. The outer circumierential surface of the side wall
has a cylindrical shape having a stepwise changing diameter
with respect to a circumierential direction. A thickness of the
side wall changes stepwise with respect to the circumierential
direction. The motor 49 rotates the rotary transparent block
48 by using the center axis of the inner circumierential sur-
face of the side wall of the rotary transparent block 48 as the
rotation center, and stops the rotary transparent block 48 at a
desired position.

An optical path of the probe wave 2 crosses at a right angle
the center axis A of the mner circumierential surface of the
side wall of the rotary transparent block 48. Namely, the
probe wave 2 passes the side wall of the rotary transparent
block 48 1n the radial direction. Since the thickness of the side
wall changes stepwise, as the rotary transparent block 48
rotates, 1t becomes possible to change a thickness of the side
wall through which the probe wave 2 passes. The optical path
length of the probe wave 2 changes and 1t becomes possible to
change the delay time relative to the terahertz wave 1.

Since the inner circumierential surface of the side wall of
the rotary transparent block 48 1s cylindrical, and the outer
circumierential surface 1s partially cylindrical, even 1f there 1s
some error of position alignment of the rotary transparent
block 48 1n the rotation direction, the propagation direction
and the optical path length of the probe wave 2 are not influ-
enced.

A plan cross section of the inner circumierential surface of
the side wall may be polygonal, and the outer circumierential
surface may be constituted of a plurality of plain surfaces
having different heights from the corresponding plain sur-
faces constituting the mner circumierential surface. In this
case, the side wall of the rotary transparent block 48 does not
condense and disperse the probe wave 2. Since the probe
wave 2 have to be vertically incident upon each plain surface,
it 1s desired to improve a position precision of the rotary
transparent block 48 1n the rotation direction.

Embodiment 10

FIG. 21 1s a schematic diagram of an electromagnetic wave
generator unit of the electromagnetic wave imaging apparatus
of the embodiment 10. Different points from the embodiment
8 in FIGS. 19A and 19B will be described mainly.

In the embodiment 8, the time delay unit 30 1s disposed on
the optical path of the probe wave 2. In the embodiment 10,
the time delay umt 30 1s disposed on the optical path of the
terahertz wave 1. The structure of the time delay unit 30 1s the
same as that of the embodiment 8. The transparent plates 45
are made of material transparent in the wave length range of
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the terahertz wave 1 such as polyethylene. A refractive index
of polyethylene 1n the wavelength range of the terahertz wave
1 1s 1.377. Eight polyethylene transparent plates 45 having
different thicknesses at a step size of 1.297 mm covers the
openings 44 of the rotary plate 43. The same temporal wave-

forms as that of the embodiment  can be obtained.

Embodiment 11

FI1G. 22 1s a schematic diagram illustrating an electromag-
netic wave 1imaging apparatus of the embodiment 11. Differ-
ent points from the embodiment 5 1n FIG. 10 will be described
mainly.

In the embodiment 11, a deformable mirror device (DMD)
50 1s disposed on the optical path of the probe wave 2 between
the beam splitter 11 and the electrooptical crystal 3. The probe
wave 2 that passed through the beam splitter 11 1s retlected at

DMD 50 and incident upon the electrooptical crystal 3.

As 1n the case of the embodiment 3, in the embodiment 11,
the imaging plane of the digital camera 6 1s partitioned into a
plurality of cells CL (FIG. 8A) disposed in a matrix shape.
DMD 50 has a plurality of movable mirrors disposed 1n a
matrix shape. By moving each movable mirror in a direction
perpendicular to the reflection plane, 1t 1s possible to change
an optical path length of the probe wave 2 for each area
corresponding to the movable mirror. The movable mirror 1s
prepared at least each cell defined 1n the imaging plane. For
example, if cells are disposed 1n a matrix having 14 rows and
14 columns, movable mirrors are disposed at least in a matrix
having 14 rows and 14 columns. A plurality of movable
mirrors may be disposed for each cell. For example, movable
mirrors may be disposed 1n a matrix having 28 rows and 28
columns or 42 rows and 42 columns.

The actual shape of the y-direction step-like mirror 12 and
the x-direction step-like mirror array 17 1s not periectly coin-
cident with the design shape because of manufacturing varia-
tions or the like. This shape variation shifts the optical path
length of the probe wave 2 from a desired length. It1s possible
to compensate the shift of the optical path length by adjusting
the position of the movable mirror of the DMD 50. The DMD
50 for compensating the shift of the optical path length 1n a
beam cross section may be called a “spatial optical modula-
tor”.

Since 1t 1s possible to bring the delay time of the probe wave
2 close to a design value, 1t 1s possible to reduce a measure-
ment error of the temporal wavetorm of the terahertz wave 1.
The DMD 50 may be disposed on the optical path of the probe
wave 2 1n the example 1 of the embodiment 1 1llustrated in
FIG. 1. In the example 2 of the embodiment 1 illustrated 1n

FIG. 4, the DMD 50 may be disposed on the optical path of the
terahertz wave 1.

Embodiment 12

FIG. 23 15 a schematic diagram illustrating an electromag-
netic wave 1maging apparatus of the embodiment 12. In the
embodiments 1 to 11, the terahertz wave 1 and the probe wave
2 are noncoaxially incident upon the electrooptical crystal 3.
In the embodiment 12, both are coaxially incident upon the
clectrooptical crystal 3. The structure of the electromagnetic
wave generator unit for generating the terahertz wave 1 and
the probe wave 2 1s the same as that of the embodiment 1
illustrated 1n FIG. 1 or the same as that of the embodiment 6

illustrated in FIG. 14. The electromagnetic wave generator
unit may have the structure illustrated 1n FI1G. 17A, FI1G. 17B,
FIG. 18A, FIG. 19A, FIG. 20A or FIG. 21.
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The terahertz wave 1 passes through the measurement tar-
get 8, and then through a pellicle beam splitter 60 and 1s
vertically incident upon the electrooptical crystal 3. The tera-
hertz wave 1 has uniform phases in the beam cross section,
and the pulse plane 1p 1s perpendicular to the propagation
direction. The “pulse plane” means a plane linking the peak
positions of mtensity of the pulse beam. As an optical beam
passes through a diffraction grating, the pulse plane 1s not
parallel to the wave front (equiphase plane). The wave front 1s
always perpendicular to the optical beam propagation direc-
tion.

The probe wave 2 that passed through the polarizer 4 1s
diffracted by a transmission type difiraction grating 61. The
diffracted probe wave 2 passes through the step-like transpar-
ent block 10, and 1s reflected at the pellicle beam splitter 60
and then 1s vertically incident upon the electrooptical crystal
3. A reflection plane of the pellicle beam splitter 60 1s parallel
to the x-axis direction. The terahertz wave 1 that passed
through the pellicle beam splitter 60 and the probe wave 2
reflected by the pellicle beam splitter 60 become a coaxial
optical flux to be vertically incident upon the electrooptical
crystal 3.

The probe wave 2 that passed through the electrooptical
crystal 3 passes through the analyzer 5, and 1s incident upon
the digital camera 6. Also in the area where the probe wave 2
before being reflected at the pellicle beam splitter 60 propa-
gates, an Xyz coordinate system 1s defined 1n which a direc-
tion opposite to the propagation direction 1s defined as a
positive direction of the z-axis. The x-axes of the xyz coordi-
nate system before and after being reflected at the pellicle
beam splitter 60 are parallel to each other.

The relation between the incident beam and the diffracted
beam passing the transmission type difiraction grating 61 will
be described by referring to FIG. 24. The number of grooves
per unit length of the transmission type diffraction grating 61
1s represented by N, a diffraction order 1s represented by k,
and an i1ncident beam wave length 1s represented by A. The
tollowing relation stands between an incident angle 01 and a
diffraction angle Oo.

sin(0i)+sm(0o)=NkA

If the number N of grooves of the transmission type dii-

fraction grating 61 1s 1000/mm, an incident angle 01 1s 10°,
and a first order diffraction beam (k=1) 1s used, then a dii-

fraction angle 0o 1s 38.78°. The following relation stands
between an 1ncident beam width D1 and an outgoing beam

width Do.
Di/cos(0i)=Do/cos(00)

If an incident beam width D1 1s 38 mm, an outgoing beam
width Do 1s 30 mm. The pulse plane of the incident beam 1s
perpendicular to the propagation direction of the incident
beam. The pulse plane of the difiracted beam i1s inclined
relative to the propagation direction. A time difference when
opposite ends of the pulse plane of the diffracted beam reach
the virtual plane perpendicular to the propagation direction 1s:

(di+do)/c
where ¢ 1s a light speed,

di=Dixtan(0z)

do=Doxtan(0o).

In the above example, a time difference (di+do)/c 1s 102.89
psec. The pulse plane of the probe wave 2 1s incident upon the
step-like transparent block 10 illustrated 1n FIG. 23 1n the
state where the pulse plane 1s slanted relative to the propaga-
tion direction. Each pulse plane of the probe wave 2 that
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passed through the tread face (unit area) 1s also slanted rela-
tive to the propagation direction.

As illustrated 1n F1G. 23, the pulse plane 1p of the terahertz

wave 1 1s vertical to the propagation direction (z-direction),
and the pulse plane 2p of the probe wave 2 corresponding to
cach tread face (unit area) 1s slanted relative to the propaga-
tion direction 1n front of the electrooptical crystal 3. The step
(height of the riser face) of the step-like transparent block 10
1s designed so that the front ends of the pulse planes of all unit
areas reach the electrooptical crystal 3 at the same time. The
operatlon and effect like those of the embodiment 1 1llustrated
in FIG. 2A are obtained.
In the case where a refractive index of the step-like trans-
parent block 10 1s 1.51, a width (size in the y-direction) of
cach step (tread face) 1s 6.00 mm, and a step (height of the
riser face) 1s 12.05 mm, 1t 1s possible to measure a temporal
wavelorm of the terahertz wave 1 having a resolution power
01 0.20 psec and a time width o1 20.38 psec at five positions 1n
the width direction (yv-direction) of the measurement target 8.
This corresponds to a spectroscopic performance of a reso-
lution power of 0.049 THz and a bandwidth of 2.5 THz.

In the embodiment 12, the transmission type difiraction
grating 61 1s used 1n order to slant the pulse plane of the probe
wave 2 relative to the propagation direction. Instead of the
transmission type diffraction grating 61, a prism may be used.
In the case where a prism 1s used, a refractive index and
wavelength dispersion of optical material, a prism angle, an
incident angle and the like are designed to obtain a desired
slant for the pulse plane.

Although the pellicle beam splitter 1s used for making the
terahertz wave 1 and the probe wave 2 to be coaxial beams,
another optical device for transmitting the terahertz wave 1
and reflecting the probe wave 2. For example, a silicon sub-
strate may be used. By reflecting the terahertz wave 1 and
transmitting the probe wave 2, both of them may be made
coaxial. For example, an optical device having a glass plate
coated with a transparent material such as indium tin oxide
(ITO) and indium zinc oxide (1Z0).

Although the terahertz wave 1s used as an electromagnetic
wave for detecting the measurement target in the above
embodiments, the electromagnetic wave 1s not limited to the
terahertz wave if the electromagnetic wave can detect the
measurement target. It 1s suificient that 1t the transparent
maternal 1s transparent in the target wavelength region. It 1s
not necessary that the transparent material 1s transparent 1n a
visible range.

All examples and conditional language recited herein are
intended for pedagogical purposes to aid the reader 1n under-
standing the mvention and the concepts contributed by the
inventor to furthering the art, and are to be construed as being
without limitation to such specifically recited examples and
conditions, nor does the organization of such examples in the
specification relate to a showing of the superiority and infe-
riority of the mvention. Although the embodiment(s) of the
present invention have been described 1n detail, 1t should be
understood that the various changes, substitutions, and alter-
ations could be made hereto without departing from the spirit
and scope of the imvention.

What 1s claimed 1s:

1. An electromagnetic wave 1maging apparatus compris-
ng:

an electrooptical crystal;

a first optical system irradiating a measurement target with

a pulsed detecting electromagnetic wave and making the
detecting electromagnetic wave that 1s transmitted
through or reflected by the measurement target incident
upon the electrooptical crystal;
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a second optical system slanting a pulse plane of a pulsed
probe wave for imaging relative to a pulse plane of the
detecting electromagnetic wave and making the probe
wave 1incident upon the electrooptical crystal;

a camera detecting the probe wave passing through the
clectrooptical crystal; and

a phase shifting component generating a plurality of opti-
cal path length differences 1n a direction perpendicular
to a virtual plane, included 1n the first or second optical
system,

wherein the first optical system or the second optical sys-
tem includes a compensating optical component which
partitions a beam cross section of the detecting electro-
magnetic wave or the probe wave 1nto a plurality of unit
areas 1n the virtual plane perpendicular to a pulse plane
of the detecting electromagnetic wave and to a pulse
plane of the probe wave, the optical component making
different an optical path length of a beam passing each
unit area and compensating a phase shifting between the
pulse plane of the detecting electromagnetic wave and
the pulse plane of the probe wave at a plurality of posi-
tions 1n a crossing direction of a surface ofthe electroop-
tical crystal and the virtual plane, and

wherein the compensating optical component includes two
step-like mirrors having a plurality of reflection planes,
sizes and positions of which are different from each
other 1n a beam propagation direction with respect to a
width direction and a length direction of the electromag-
netic wave or the probe wave.

2. The electromagnetic wave imaging apparatus according,
to claim 1, wherein the first optical system and the second
optical system slant the pulse plane of the probe wave for
imaging relative to the pulse plane of the detecting electro-
magnetic wave by making the detecting electromagnetic
wave and the probe wave noncoaxially incident upon the
clectrooptical crystal.

3. The electromagnetic wave imaging apparatus according,
to claim 1, wherein the second optical system includes a pulse
plane slanting optical element that slants the pulse plane of
the probe wave relative to a plane perpendicular to a propa-
gation direction, and the first optical system and the second
optical system make the detecting electromagnetic wave and
the probe wave coaxially icident upon the electrooptical
crystal.

4. The electromagnetic wave imaging apparatus according,
to claim 1, further comprising a cylindrical lens train disposed
in said first optical system for condensing said detecting
clectromagnetic wave into a plurality of lineal regions, and
applying the detecting electromagnetic wave to said measure-
ment target.

5. The electromagnetic wave imaging apparatus according,
to claam 1, wherein the first optical system or the second
optical system further includes a time delay unit varying a
delay time of one of the pulse plane of the electromagnetic
wave and the pulse plane of the probe wave relative to the
other of the pulse plane of the electromagnetic wave and the
pulse plane of the probe wave.

6. The electromagnetic wave 1imaging apparatus according
to claim 1, wherein the first optical system or the second
optical system further includes a spatial optical modulator
varying an optical path length of each of a plurality of areas
defined 1n a beam cross section of the detecting electromag-
netic wave or the probe wave.

7. The electromagnetic wave imaging apparatus according,
to claim 1, further comprising:

a femtosecond laser;
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a beam splitter branching a beam that 1s output from the
femtosecond laser 1nto the probe wave and a first wave;
and

a terahertz wave generator unit generating a terahertz wave
as the detecting electromagnetic wave by 1rradiating 5
another electrooptical crystal with the first wave.

8. The electromagnetic wave imaging apparatus according,

to claim 1, wherein the partitioned beams are obliquely inci-
dent upon the electrooptical crystal, and the partitioned
beams are 1n phase at a surface of the electrooptical crystal. 10
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